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Abstract

Objectives

To standardize the diagnosis of patent ductus arteriosus (PDA) and report its association with
adverse neonatal outcomes in very low birth weight infants (VLBW, birth weight < 1500 g).

Study design

A multicenter prospective observational study was conducted in Emilia Romagna from
March 2018 to October 2019. The association between ultrasound grading of PDA and
adverse neonatal outcomes was evaluated after correction for gestational age. A diagnosis
of hemodynamically significant PDA (hsPDA) was established when the PDA diameter was
> 1.6 mm at the pulmonary end with growing or pulsatile flow pattern, and at least 2 of 3
indexes of pulmonary overcirculation and/or systemic hypoperfusion were present.

Results

218 VLBW infants were included. Among infants treated for PDA closure in the first postna-
tal week, up to 40% did not have hsPDA on ultrasound, but experienced clinical worsening.
The risk of death was 15 times higher among neonates with non-hemodynamically
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significant PDA (non-hsPDA) compared to neonates with no PDA. In contrast, the risk of
death was similar between neonates with hsPDA and neonates with no PDA. The occur-
rence of BPD was 6-fold higher among neonates with hsPDA, with no apparent beneficial
role of early treatment for PDA closure. The risk of IVH (grade > 3) and ROP (grade > 3)
increased by 8.7-fold and 18-fold, respectively, when both systemic hypoperfusion and pul-
monary overcirculation were present in hsPDA.

Conclusions

The increased risk of mortality in neonates with non-hsPDA underscores the potential inade-
quacy of criteria for defining hsPDA within the first 3 postnatal days (as they may be
adversely affected by other clinically severe factors, i.e. persistent pulmonary hypertension
and mechanical ventilation). Parameters such as length, diameter, and morphology may
serve as more suitable ultrasound indicators during this period, to be combined with clinical
data for individualized management. Additionally, BPD, IVH (grade > 3) and ROP (grade >
3) are associated with hsPDA. The existence of an optimal timeframe for closing PDA to
minimize these adverse neonatal outcomes remains uncertain.

Introduction

The incidence of patent ductus arteriosus (PDA) is inversely related to gestational age (GA).
Approximately half of preterm infants born before 28 weeks’ (wks) gestation present with
PDA, particularly if ultrasound (US) scans are performed within the first 3 postnatal days [1].
PDA can result in pulmonary overcirculation and systemic hypoperfusion, the clinical signifi-
cance of which depends on the size of the left-to-right shunt. The increased risks of death,
intraventricular hemorrhage (IVH), bronchopulmonary dysplasia (BPD), necrotizing entero-
colitis (NEC) and retinopathy of prematurity (ROP) have been historically associated with
PDA [2-4]. Delayed PDA treatment may also be associated with a higher risk of pulmonary
hemorrhage, and failure to conduct screening echocardiography in extremely preterm infants
within the initial 3 postnatal days is associated with elevated in-hospital mortality [5, 6]. In the
last decade, therapeutic strategies for PDA have undergone significant changes. In addition to
“classical” pharmacological treatments such as indomethacin and ibuprofen, acetaminophen
has also been suggested as an effective drug in closing PDA [7]. However, despite the wide-
spread diffusion of PDA treatment, the comorbidities historically attributed to PDA persis-
tence have not actually decreased. New data also show that PDA can close spontaneously, even
in extremely low birth weight infants [8]. Moreover, pharmacological treatment may be associ-
ated with significant side effects [7]. As a result, divergent perspectives persist, with one faction
asserting that PDA treatment plays a role in preventing adverse neonatal outcomes, while
another contends that it does not offer such preventive benefits [9, 10]. A conservative
approach to managing PDA, encompassing strategies such as fluid restriction, diuretics, and
higher positive airway end-expiratory pressure, has gained increasing favor [11, 12].

Studies and data from national registries present disparate rates of PDA-associated out-
comes. These differences may be attributed to variations in methods and timing employed for
assessing PDA and its treatment [13]. A large number of investigators have analyzed PDA
hemodynamic significance in two ways, either by evaluating echocardiographic indexes only
[14-16] or using clinical and US composite scores [17-19]. The term “hemodynamically
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significant patent ductus arteriosus (hsPDA)” has been increasingly used, and several protocols
have been developed in an attempt to define hsPDA by integrating both clinical and US scores
[18, 20]. Recent studies were carried out to identify preterm neonates with signs of pulmonary
overcirculation or systemic hypoperfusion in order to tailor PDA treatment [14]. Despite these
efforts, a consensus on the precise criteria for identifying hsPDA has yet to be reached. Ver-
mont Oxford Network Registry (VON) data from neonatal Intensive Care Units (NICUs) of a
northern region of Italy (Emilia-Romagna) revealed significant variability in the rates of diag-
nosing and treating PDA. To overcome this variability, a protocol was set up by the Emilia-
Romagna Study Group with the aim to achieve shared US criteria for hsPDA diagnosis, and to
develop a comprehensive PDA scoring system integrating both US and clinical findings. We
hypothesized that a consensus on the definition and grading of PDA could enhance manage-
ment, thereby reducing adverse neonatal outcomes.

The study objectives were 1) to standardize the diagnosis of hsPDA across the seven NICUs
in the Emilia-Romagna region, and 2) to investigate associations between PDA severity grad-
ing and adverse neonatal outcomes.

Methods

This was an observational multicenter prospective study, carried out in Emilia-Romagna
(Italy) from March 1%, 2018, to October 31, 2019. Newborns with a birth weight < 1500 g
(very low birth weight, VLBW) and/or GA < 29 wks were enrolled. Exclusion criteria were:
congenital malformations or first functional echocardiography performed after 72 hours of
life. For data collection purposes, a standardized form was utilized to gather relevant data for
each enrolled patient (chorioamnionitis, maternal hypertension/eclampsia and gestational
diabetes, antenatal steroid use, GA, birth weight, 5-minute Apgar score, mode of delivery and
surfactant administration, echocardiograms, treatment for PDA closure, neonatal outcomes).
Adverse neonatal outcomes were defined as follows: death, pulmonary hemorrhage, IVH (clas-
sified according to Papile) [21], ROP (classified according to the International Classification of
Retinopathy of Prematurity) [22], stage > 2 NEC (classified according to Bell’s criteria) [23],
and BPD (defined as oxygen requirement at 36 weeks corrected age) [24]. Each form for data
collection was accessed online through a password protected system. A written informed con-
sent was obtained from the parents of the neonates enrolled in the study. The study was
approved by the Ethics Committee of the participating centers (reference 2017/0015900).

Ultrasound and clinical grading of PDA

Periodic meetings were held among centers to analyze the literature and to share US criteria
for diagnosis and treatment of hsPDA. Neonatologists performed functional US studies using
4-12 Hz probes (Phillips S.p.A., Milano) according to international guidelines [25]. The US
studies were performed by neonatologists who received specific training in pediatric echocar-
diography (at the master’s level). Two-dimensional, M-mode, pulse and color flow Doppler
imaging were performed. The PDA diameter was assessed based on at least two measurements,
with the average taken from the two measurements. Hemodynamic evaluation was performed
if PDA diameter was > 1.6 mm at the pulmonary end [14, 26], and its flow was growing or pul-
satile pattern [15]. PDA was defined as hsPDA if at least 2 of 3 indexes of pulmonary overcir-
culation and/or systemic hypoperfusion were present (Table 1) [27, 28]. Echocardiographic
assessments were repeated during the hospital stay based on clinical judgment. All neonates
underwent US before hospital discharge. Table 2 shows the clinical severity grading: clinical
criteria were modified from the McNamara scoring system [17]. A composite staging system
(ranging from GO to G3) was developed by combining clinical severity and US grading (Fig 1).
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Table 1. Echocardiographic grading of PDA. The US grading of PDA involves assessing its severity using the following criteria: PDA diameter, flow characteristics, and
indexes of pulmonary overcirculation and/or systemic hypoperfusion.

Ultrasound score PDA diameter and flow Indices of pulmonary overcirculation and/or systemic hypoperfusion
PDA PDA PDA Flow: LPAedv > 0.2 m/sec and/or
d <1.6 mm d >1.6 mm Growing or pulsatile LA/Ao >1.5 and/or
DAo Flow: absence or reverse
El +/- +/- - None present
E2 - At least 1 index
E3 - At least 2 indexes
E4 - All present

DAo, descending aorta; LPAedy, left pulmonary artery end-diastolic velocity; LA/Ao, left atrial to aortic root ratio; PDA, patent ductus arteriosus.

https://doi.org/10.1371/journal.pone.0306769.t001

Table 2. Grading of the severity of clinical conditions.

NIV |MV |FiO,>0.28 |pH<7.1 |BE>-12 |MBP<30mmHg |AKI |X-ray Cardiomegaly |NEC >Bell’s stage2 |Bleeding |Clinical severity

Cl |- - - - - - - - -

2 |+ - - - - . - - - - Mild

C3 | +/- +- |+ - - +/- - - - - Moderate
Cc4 | - + + + + +/- +/- +/- +/- +/- Severe

AKT, acute kidney injury®; BE, bases excess; FiO2, oxygen inspiratory fraction; HFNC, high-flow nasal cannula; MBP, mean blood pressure®; MV, invasive mechanical
ventilation; nCPAP, nasal continuous positive airway pressure; NEC, neonatal necrotizing enterocolitis; NIV, non-invasive ventilation.

°AKI defined as serum creatinine>1.5 mg/dl or diuresis <0.5 ml/kg/h. From: Jetton JG, Askenazi DJ. Update on acute kidney injury in the neonate. Curr Opin Pediatr.
2012;24(2):191-6.

*Hypotension defined as MBP<30 mmHg in the first 72 hours of life. From: Dempsey EM, Barrington KJ. Diagnostic criteria and therapeutic interventions for the
hypotensive very low birth weight infant. ] Perinatol. 2006;26(11):677-81.

https://doi.org/10.1371/journal.pone.0306769.1002

Timing and mode of treatment

The decision to initiate treatment for PDA closure was left to the attending clinician’s discre-
tion. The drugs administered for PDA closure included ibuprofen (loading dose 10 mg/kg,
maintenance dose 5 mg/kg/day), acetaminophen (15 mg/kg every 6 hours), and indomethacin
(loading dose 0.2 mg/kg, maintenance dose 0.1 mg/kg/day). PDA treatment was classified as
early (postnatal age < 7 days) or late (postnatal age > 7 days). Surgical PDA closure was per-
formed when medical treatment failed or was contraindicated. All PDA ligations were per-
formed on-site by a mobile cardiosurgical team.

Adverse neonatal outcomes

Patient records provided the following data related to adverse neonatal outcomes: death, pul-
monary hemorrhage, IVH, ROP, stage > 2 NEC, and BPD.

Data analysis

Statistical analysis was carried out using SPSS software 23.0. Continuous variables were
expressed as medians and interquartile ranges (IQR). Categorical data were expressed as num-
bers and percentages. The Student’s t-test was used for unadjusted comparisons of continuous
variables between groups; Pearson’s ) test and Fisher’s exact test (when one or more cells had
expected frequency < 5) were used for unadjusted comparisons of categorical variables
between groups. To assess a potential association between US PDA scoring and neonatal
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ULTRASOUND GRADING (E)
E0 El E2 E3 E4
C1 E0-C1 E1-C1 E2- C1 E3- C1 E4- C1
CLINICAL C2 E0-C2 E1-C2 E2- C2 E3- C2 E4- C2
GRADING (C) C3 E0-C3 E1-C3 E2- C3
C4 E0-C4 E1-C4 E2- C4
COMBINED GO G1 G2

GRADING (G)

Fig 1. Combined clinical and ultrasound grading (G) at 72 hours of life. GO (white boxes): infants without PDA (E0) whatever the clinical grading. G1
(pink boxes): infants with PDA (E1) whatever the clinical grading or asymptomatic infants (C1) with PDA. G2 (gray boxes): symptomatic infants (C2-C4)
with PDA (E2) or infants with hsPDA (E3-E4) and mild symptoms (C2). G3 (red boxes): infants with hsPDA (E3-E4) and moderate-to-severe clinical
conditions (C3-C4).

https://doi.org/10.1371/journal.pone.0306769.9001

outcomes, we estimated bivariate logistic regression models correcting for GA. The normality
of the residuals of each model was assessed by using the standardized residuals, Q-Q plot. The
results were reported as odds ratios (ORs), with 95% confidence interval (CI) and p-values.
For all analyses, p-values were considered significant when below the alpha level set at 0.05.

Results
Study population

Out of 267 VLBW infants, 49 were ruled out (Fig 2), leaving a total of 218 subjects included in
the study. Demographic, maternal, and neonatal characteristics are presented in Table 3, strati-
fied by gestational age (GA < 26 weeks’ versus > 26 weeks’ gestation).

US data and composite staging

Among 218 VLBW neonates included in the study, 139 (64%) underwent the first US assess-
ment within 48 hours of life. PDA was more likely to be diagnosed within 48 hours of life
(107/139, 77%) than at 49-72 hours of life (38/79, 48%; p<0.001) (Fig 2). During the initial
72 hours of life, a total of 155 out of 218 newborns (71%) underwent one US study, while 63
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VLBW
n=267

First US study performed after 72 hours of life

n=16

Excluded
n=49

Missing data
n=31

Malformations
n=2

Study population
n=218

Timing of the first US study < 48 hours of life
N =139 (64%)

> 48 hours of life
N =79 (36%)

\

/ \\

/\

Non PDA PDA
n=32 n=107

Non PDA PDA
n=41 n=38

Fig 2. Flow diagram of the study.
https://doi.org/10.1371/journal.pone.0306769.9002

newborns (29%) underwent two US studies. At 72 hours of life, PDA was present in 127 neo-
nates (58%). Based on the combined clinical and US grading of PDA within 72 hours of life

(Fig 1), a total of 91 neonates were classified as GO, 71 neonates were classified as G1, 30 neo-
nates were classified as G2, and 26 neonates were classified as G3.

PDA treatment

Overall, 70 of 218 neonates (32%) received at least one course of treatment. Treatment for

PDA closure was more frequent in neonates with lower GA (28 out of 42 neonates < 26 wks’
gestation, 67% vs 42 out of 176 neonates > 26 wks’ gestation, 24%, p<0.001).
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Table 3. Demographics and clinical findings of the study population according to gestational age: < 26 weeks’ gestation vs > 26 weeks’ gestation.

GA< 26 Missing Data’ GA> 26 Missing Data’ P
(n=42) (n=176)

APGAR 5°, median [IQR] 7 2 9 1 0.024
[5.8; 8] [8;9]

Complete antenatal steroids, n (%) 19 8 136 15 <0.001
(56%) (85%)

Cesarean section, n (%) 22 1 140 2 <0.001
(54%) (81%)

Vaginal delivery, n (%) 18 1 32 2 <0.001
(44%) (18%)

Chorioamnionitis, n (%) 20 1 36 5 <0.001
(49%) (21%)

Maternal hypertension/eclampsia n (%) 4 1 36 3 0.154
(10%) (21%)

Gestational diabetes, n (%) 1 2 24 2 0.074
(3%) (14%)

No surfactant administration, n (%) 4 2 96 2 <0.001
(10%) (55%)

PDA at 72 hours of life, n (%) 31 - 96 - 0.035
(74%) (55%)

Early PDA treatment, n (%) 23 - 38 - <0.001
(55%) (22%)

Late PDA treatment, n (%) 5 - 4 - 0.017
(12%) (2%)

PDA surgical ligation, n (%) 9 - 1 - <0.001
(21%) (1%)

Persistent PDA at discharge, n (%) * 1 2 8 3 0.840
(3%) (5%)

Death, n (%) 9 - 3 - <0.001
(21%) (2%)

GA, gestational age in weeks. PDA, patent ductus arteriosus.
Percentages and significance are calculated based on the patients who were tested (i.e. after excluding missing cases).
* Percentages are calculated among 33 infants with GA < 26 weeks’ gestation and 173 infants with GA > 26 weeks’ gestation who survived to discharge, excluding

missing data.

https://doi.org/10.1371/journal.pone.0306769.t003

Early treatment. Among 127 neonates with PDA diagnosed within the first 72 hours of
life, 61 (48%) underwent early treatment for PDA closure (i.e. within the first 7 postnatal days;
medical treatment, n = 60, surgical treatment, n = 1). Fig 3 shows the number of infants who
received early treatment according to the US and clinical composite staging subgroup (ranging
from G1 to G3). Among the 61 early treated infants, 38 had an hsPDA (E3 n = 28; E4 n = 10),
while 23 had a PDA that was not diagnosed as hemodynamically significant (E1 n = 12; E2
n = 11). All the infants with E1 PDA (no signs of pulmonary overcirculation or systemic hypo-
perfusion) received early treatment for PDA closure due to moderate-to-severe clinical
worsening.

PDA was more likely to be treated early in infants with lower GA (<26 wks’ gestation, 23/
31, 74% vs > 26 wks’ gestation, 38/96, 40%, p = 0.024). Early medical treatment for PDA clo-
sure included ibuprofen (n = 46), paracetamol (n = 13) and indomethacin (n = 1). Among
infants treated with ibuprofen, two developed oliguria, and one experienced gastric bleeding.
The median age at the initiation of early treatment was 2 days, with a median duration of med-
ical treatment lasting 3 days. Among the early medically treated neonates, the PDA closed in
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Early — treated VLBW infants

n=061
Gl G2 G3
n=12 n=28 n=21
El E2 E3 E4 E3 E4
n=12 n=11 n=13 n=4 n=15 n==6

Fig 3. Combined clinical and US severity score (ranging from G1 to G3) among 61 early-treated infants. The PDA US
severity score is also reported for each group. VLBW, very low birth weight.

https://doi.org/10.1371/journal.pone.0306769.9003

42 out of 60 (70%) cases. Thirteen neonates (13/60, 22%) underwent a second treatment, with
surgical intervention in 5 neonates and medical intervention in 8 neonates (2 of whom subse-
quently underwent surgical treatment) (Fig 4).

Late treatment. Nine neonates (GA < 26 wks n = 5; GA > 26 wks n = 4) received late
treatment for PDA closure (i.e. after the first 7 postnatal days). Of these, 8 newborns received
medical treatment (ibuprofen n = 1, paracetamol n = 5 and indomethacin n = 2) and one
infant underwent surgical ligation. Among 8 late medically treated infants, the PDA closed in
4 (50%). The median age at initiation of treatment was 13 days, with median duration of medi-
cal treatment lasting 3.5 days. None of the infants who were medically treated after the first 7
postnatal days experienced adverse effects.

Surgical treatment. Overall, ten infants (10/218, 5%) underwent surgical ligation (median
age at treatment 23.6 days of life). Six of ten surgically treated newborns (60%) developed com-
plications (post ligation syndrome n = 4, vocal cord paralysis n = 2); none of them died.

Outcomes

Among 206 surviving infants, 9 (4%) had persistent PDA at the time of hospital discharge.
Twelve infants died (median age 9.5 days), and none within the first 72 hours of life. Mortality
was higher in those with GA < 26 wks (p<0.001, Table 3).

Table 4 presents the analysis of adverse neonatal outcomes based on US PDA grading after
correction for GA. NEC and pulmonary hemorrhage were excluded from the analysis due to
the small number of events. After adjusting for GA, the risk of mortality was higher among
infants with E2 PDA. Conversely, the risk of BPD was higher among infants with hsPDA (E3
and E4). Among those who received early treatment, the incidence of BPD was lower among
infants who responded to treatment with PDA closure (19 out of 38, 50%) compared to those
who failed to respond (12 out of 16, 75%), but this difference did not reach statistical signifi-
cance (p = 0.133). There was also a trend towards the development of any grade ROP in
patients with E2 PDA. Finally, we identified an increased risk of IVH (grade > 3) and ROP
(grade > 3) in infants with E4 PDA.

PLOS ONE | https://doi.org/10.1371/journal.pone.0306769  July 9, 2024 8/15


https://doi.org/10.1371/journal.pone.0306769.g003
https://doi.org/10.1371/journal.pone.0306769

PLOS ONE

Patent ductus arteriosus: Diagnosis, management and neonatal outcomes

PDA treatment
infants
(n=70)
Early treatment Late treatment
(n=61) (n=9)
I
| [ l
Surgical Medical Surgical Medical

(n=1) (n=60) (n=1) (n=8)

: | ’ |
Closure Open PDA C(Ioil:l;e Open PDA
(n=42) (N=18) n= (n=4)

[ [ ’_l_'
Died l .
(n=5) Second Left Left Surgical

treatment untreated untreated (n=1)
(n=13) (n=5) (n=3)
|
| PDA at
Medical Surgical d'SCflarge
(n=8) (n=5) | | (n=2)
|
I ] Died Missing
Closure Surgical (n=1) (n=1)
(n=6) (n=2) PDA at

| discharge
Died {n=5)

(n=1)

Fig 4. Flow diagram of patients treated for PDA closure. A flow diagram illustrating infants treated for PDA closure, including both early and/or late

medical and/or surgical interventions, is presented. Early PDA treatment: any treatment in the first seven postnatal days. Late PDA treatment: any
treatment after the first seven postnatal days.

https://doi.org/10.1371/journal.pone.0306769.9004

Discussion

Our study shows that approximately 26% of neonates <26 wks’ gestation experience a sponta-
neous PDA closure, consistent with findings in the previous literature [8, 29]. About half of
the enrolled infants with evidence of PDA on US received medical treatment: consistently with
findings from previous studies, the success rate was about 70% [11, 12, 30-32]. By monitoring
neonates during their entire hospitalization, we observed that about 4% had persistent PDA at
the time of discharge. This proportion is lower than the rate reported by Clymann and Borras-
Novell, which was approximately 25% [29, 32]. In our cohort, no newborn underwent surgical
ligation of PDA after hospital discharge. This is in line with previous studies, suggesting that a
high percentage of persistent PDA at discharge in VLBW infants may subsequently close spon-
taneously (up to 86%) [33].

Consistent with the findings of a national survey [34], ibuprofen was administered as first-
line drug for early treatment in 75% of cases. The rates of surgical ligation (14%) and its related
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Table 4. Correlation of adverse neonatal outcomes and ultrasound PDA grading (E0 to E4) after correction for gestational age.

OUTCOMES Ultrasound PDA grading OR 95% CI P N
Death EO Ref 218
Death El 7.63 (0.70-83.32) 0.096

Death E2 14.11 1.25 158.58 0.032

Death E3 2.62 0.21 32.69 0.455

Death E4 11.86 0.55 256.28 0.115

Death GA 0.49 0.33 0.73 0.001

BPD E0 Ref 207*
BPD El 1.98 0.70 5.62 0.197

BPD E2 1.47 0.33 6.54 0.615

BPD E3 6.75 1.88 24.26 0.003

BPD E4 6.46 1.36 30.73 0.019

BPD GA 0.49 0.39 0.61 0.000

IVH >3 E0 Ref 216**
IVH >3 El 1.24 0.24 6.50 0.795

IVH >3 E2 2.11 0.31 14.25 0.443

IVH >3 E3 2.34 0.46 12.01 0.308

IVH >3 E4 8.74 1.47 52.07 0.017

IVH > 3 GA 0.75 0.58 0.97 0.026

ROP E0 Ref 208+
ROP El 1.47 0.43 5.05 0.538

ROP E2 4.83 1.00 23.29 0.050

ROP E3 0.52 0.13 2.08 0.355

ROP E4 6.76 1.23 37.12 0.028

ROP GA 0.42 0.31 0.55 0.000

ROP >3 E0 Ref 208***
ROP >3 El 1.07 0.19 593 0.940

ROP >3 E2 3.21 0.51 20.42 0.216

ROP >3 E3 1.62 0.34 7.70 0.547

ROP >3 E4 17.97 2.34 137.93 0.005

ROP >3 GA 0.49 0.35 0.69 0.000

BPD, bronchopulmonary dysplasia; GA, gestational age; IVH, intraventricular hemorrhage; PDA, patent ductus arteriosus: ROP, retinopathy of prematurity; US,
ultrasound.

* Among 207 surviving infants at 36 weeks’ gestation (eleven patients were excluded because they died before 36 weeks’ gestation).

** Among 216 patients, 2 missing data.

*** Among 208 surviving infants at 32 weeks’ gestation (ten patients were excluded because they died before 32 weeks’ gestation).

https:/doi.org/10.1371/journal.pone.0306769.t004

complications were similar to those previously described in the literature [11, 12, 29, 35-37].
However, we observed a higher incidence of post-ligation syndrome (up to 60%), nearly dou-
ble that reported by Moin et al [38]. This discrepancy may be due to our definition of post-liga-
tion syndrome, which we did not define as the need for vasopressors within 72 hours post-
procedure, but rather as a reduction in cardiac output on US within 6 hours of the procedure,
possibly encompassing mild cases. In fact, no patient died from post-ligation syndrome in our
cohort. Notably, percutaneous closure has demonstrated efficacy in PDA closure with several
potential benefits over surgical ligation, as it eliminates the need for incisions and mitigates
issues related to manipulating the lung for PDA access, along with reducing the risk of compli-
cations such as laryngeal recurrent nerve damage. These benefits contribute to the appeal of
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percutaneous closure as a favorable alternative, and this will be the focus of the PIVOTAL
study [39].

Although it is commonly recommended to treat only patients with hsPDA based on both
US and clinical deterioration, our data reveal the predominant influence of clinical conditions
over US findings in the decision to treat neonates for PDA closure. In fact, up to approxi-
mately 40% of early treated infants had experienced moderate-to-severe clinical worsening
even in the absence of evidence of hsPDA on US. This “overtreatment” could be related to cli-
nicians’ inclination to consider the presence of the PDA in unstable infants as an aggravating
factor. It is difficult to distinguish the role of the PDA itself versus other factors (preterm
birth, perinatal transition, maternal chorioamnionitis, and hypertension) in determining the
patient’s hemodynamic instability [40]. In our study, the risk of death was nearly 15-fold
higher among neonates with E2 PDA (non-hsPDA), as compared to those without PDA (E0),
independently from the GA. We highlight this higher risk of death observed in newborns
with PDA who do not exhibit US findings of hsPDA, which merits further consideration. Sev-
eral factors may explain this increased risk of death. First, the standard recognized US criteria
for defining an hsPDA may be inadequate for this temporal window (within 72 hours of
birth). In fact, persistent pulmonary hypertension of the newborn and/or high pulmonary
pressures due to mechanical ventilation may affect the left-to-right shunt through the PDA,
temporarily minimizing the pulmonary overcirculation. Also, the typical vasoconstriction of
the fetus and an “inappropriate” fluid intake may contribute to a more prolonged equilibrium
between systemic and pulmonary pressures. Finally, the use of inotropes and vasopressors in
critically ill newborns may reduce the clinical and US findings of systemic hypoperfusion.
Thus, from a clinical perspective, it appears that the most appropriate criteria for defining an
hsPDA in the early hours of life may be the length, diameter and morphology of the PDA.
Indeed, these factors are assumed to be the main determinants for subsequent pulmonary
overcirculation and systemic hypoperfusion [41]. Given that PDA diameter in isolation is
known to be poorly predictive, it may be beneficial to combine it with clinical data for a more
comprehensive grading [42].

Surprisingly, the risk of death adjusted for GA in neonates with hsPDA (E3-E4) was similar
to that of neonates without PDA (E0) in our population. One possible explanation is that
almost all infants with hsPDA (E3-E4) receive early treatment to close the PDA; this is not the
case for infants with non-hsPDA (E2), for whom clinicians are more prone to “watchful wait-
ing”. Consequently, the proportion of treatment in E2 patients is lower, and the PDA may
remain open, potentially leading to higher mortality. It is important to acknowledge that a sig-
nificant limitation of the association between non-hsPDA and death in our cohort is the small
number of deceased infants. The small sample size of deceased individuals limits the statistical
power and generalizability of our findings.

In our study, we observed a 6-fold higher occurrence of BPD in hsPDA infants (E3-4) com-
pared to newborns without PDA (E0), independent of GA. Indeed, previous epidemiological
studies highlighted a strong association between PDA and BPD [43], although a causal rela-
tionship has not been proven. It is possible that the pulmonary overcirculation, common in
infants with hsPDA, plays a role in promoting BPD development. In our cohort, almost all the
newborns with hsPDA received treatment for PDA closure, whether medical or surgical. How-
ever, PDA closure after early treatment did not appear to significantly reduce the risk of devel-
oping BPD. This finding contrasts with previous studies that demonstrated a reduced BPD
incidence following more aggressive treatment approaches in the first days of life [43], before
the PDA caused clinical symptoms related to its hemodynamics [44]. This discrepancy could
be related to our small sample size of neonates with BPD, which may have limited the statistical
power to detect the protective role of early PDA closure.
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In our study, the risk of IVH (grade > 3) and ROP (grade > 3) was 8.7-fold and 18-fold
higher, respectively, when hsPDA was most significant (E4) as compared to newborns without
PDA (E0), independently from GA. Notably, systemic hypoperfusion (always present as a
defining criterion for E4 staging) may be a risk factor for both IVH and ROP, and may favor
their occurrence. Interestingly, we observed a trend towards higher risk of ROP (all stages
included) among infants with non-hsPDA (E2) who survived to 32 wks’ gestation.

Conclusions

Despite standardization of US criteria for PDA diagnosis, clinical conditions still inform up to
50% of the decision to early treat PDA. Surprisingly, after adjusting for GA, the risk of death is
similar among infants with hsPDA and infants without PDA. In contrast, the risk of death is
nearly 15-fold higher among neonates with non hsPDA. We highlight the increased risk of
death in newborns with PDA who do not exhibit US findings of hsPDA, suggesting that the
standard recognized US criteria for defining hsPDA may be inadequate within the first 3 post-
natal days. Instead, length, diameter and morphology of the PDA may be more appropriate
parameters, to be integrated with clinical data for combined grading and an individualized
approach. Interestingly, among infants with non-hsPDA, the risk of developing ROP (all stages
included) is also higher.

Infants with hsPDA show 6-fold higher risk of BPD compared to infants with no PDA,
independently from GA. Finally, the risk of grade > 3 IVH and grade > 3 ROP is 8.7-fold and
18-fold higher, respectively, when hsPDA is most significant with all signs of systemic hypo-
perfusion, compared to newborns without PDA, independently from GA.

Further investigation is needed to better clarify whether an optimal window for PDA evalu-
ation and closure exists, helping to reduce the incidence of death and preterm associated
comorbidities, including BPD, IVH and ROP. To date, it is unclear which criteria of hsPDA
are most accurate in different temporal windows, and whether there exists an optimal window
for PDA evaluation and closure.
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